Bharucha AE, Edge J, Zinsmeister AR. Effect of nifedipine on anorectal sensorimotor functions in health and fecal incontinence. Am J Physiol Gastrointest Liver Physiol 301: G175-G180, 2011. First published April 14, 2011 doi:10.1152/ajpgi.00557.2010.-The mechanisms of increased rectal stiffness in women with fecal incontinence (FI) and rectal urgency are not understood. Our hypothesis was that distention-induced activation of mechanosensitive L-type calcium channels in smooth muscle contributes to increased rectal stiffness in FI. Anal pressures, rectal distensibility (compliance, capacity, and contractile response to sinusoidal oscillation), and rectal sensation were assessed before and after oral nifedipine (30 ϩ 10 mg) or placebo in 16 women with FI and 16 asymptomatic women. At baseline, FI patients had a lower anal pressure increment during squeeze (health, 66.9 Ϯ 7.6: FI, 28.6 Ϯ 5.9, mean Ϯ SE, P Յ 0.01), lower rectal capacity (P ϭ 0.052), and higher rectal pressures during sinusoidal oscillation (health, 13.7 Ϯ 3.2: FI, 21.7 Ϯ 1.4, mean Ϯ SE, P ϭ 0.02) than the healthy women, which suggests an exaggerated rectal contractile response to distention. Nifedipine decreased mean BP, increased heart rate (P ϭ 0.01 vs. placebo), and reduced anal resting pressure (P Յ 0.01) but did not significantly modify rectal distensibility in health or FI. Plasma nifedipine concentrations (health, 103 Ϯ 21 ng/ml: FI, 162 Ϯ 34 ng/ml) were correlated with increased rectal compliance (r ϭ 0.6, P ϭ 0.02) in all study participants and, in healthy subjects, with decreased rectal pressures during sinusoidal oscillation (r ϭ 0.86, P ϭ 0.01), indicative of reduced stiffness. No consistent effects on rectal perception were observed. These observations confirm that FI is associated with anal weakness and increased rectal stiffness. At therapeutic plasma concentrations, nifedipine reduced anal resting pressure but did not improve rectal distensibility in FI, outcomes that argue against a predominant contribution of myogenic L-type calcium channels to reduced rectal distensibility in FI. rectal compliance; sensation; calcium channel blockers; rectal capacity; pressure FECAL INCONTINENCE (FI) is a relatively common problem, particularly among women and the elderly, which can significantly impair daily functioning and also contribute to institutionalization (9). While most attention has focused on anal sphincter injury and weakness, there is increasing evidence for rectal sensorimotor dysfunctions in FI. For example, we observed reduced rectal capacity in 27% and reduced rectal compliance in 23% of women with FI (1, 4). Reduced rectal capacity was more common in women with (i.e., 36%) than without (i.e., 8%) the symptom of rectal urgency. Moreover, rectal hypersensitivity was observed in 18% of patients with normal and 50% of patients with reduced rectal capacity. These observations have been confirmed by other groups (12, 29).
FECAL INCONTINENCE (FI) is a relatively common problem, particularly among women and the elderly, which can significantly impair daily functioning and also contribute to institutionalization (9) . While most attention has focused on anal sphincter injury and weakness, there is increasing evidence for rectal sensorimotor dysfunctions in FI. For example, we observed reduced rectal capacity in 27% and reduced rectal compliance in 23% of women with FI (1, 4) . Reduced rectal capacity was more common in women with (i.e., 36%) than without (i.e., 8%) the symptom of rectal urgency. Moreover, rectal hypersensitivity was observed in 18% of patients with normal and 50% of patients with reduced rectal capacity. These observations have been confirmed by other groups (12, 29) .
The mechanisms of reduced rectal capacity and compliance in FI have not been investigated; conceivably "active" (e.g., abnormal mechanosensitivity or intercellular communication) or "passive" (e.g., tensile properties of cells, fibrosis) mechanisms may be involved. Mechanosensitivity of the gut is a complex process. In humans, enteric nerves, smooth muscle cells, and interstitial cells of Cajal are all mechanosensitive. Human gastrointestinal smooth muscle cells and interstitial cells of Cajal express mechanosensitive calcium and sodium channels (19) . Of particular relevance to this study, distention activates mechanosensitive L-type calcium channels that are the main calcium entry pathway in gastrointestinal smooth muscle (13, 16) , and nifedipine blocks these L-type calcium channels (13) . Hence, this study investigated the hypothesis that an exaggerated myogenic response to distention contributes to increased rectal stiffness in FI by evaluating the effects of nifedipine on rectal mechanical properties (13) . Because L-type calcium channels also contribute to internal anal sphincter function, which is primarily responsible for maintaining anal resting pressure (11, 21) , the effects of nifedipine on anal pressures were also evaluated.
MATERIALS AND METHODS
Study design. After obtaining written informed consent, bowel symptoms and anorectal sensorimotor functions were assessed before and after nifedipine in 16 controls [age 37 Ϯ 3 (SE) yr, body mass index (BMI) 25.2 Ϯ 1.0 kg/m 2 ] and 16 women (age 52 Ϯ 3 yr, BMI 30.3 Ϯ 1.8 kg/m 2 ) with urge-predominant FI in this study, which was approved by the Institutional Review Board at Mayo Clinic. This study was initiated before publicly available registries were developed. After a clinical assessment and completion of questionnaires, anorectal functions were assessed before and after nifedipine or placebo on the same day.
Participants. To be included in the study, patients had to complain of FI for 6 mo or longer. Exclusion criteria included diabetes mellitus with neuropathy, congenital anorectal malformations, previous rectal surgery (such as rectopexy or rectal resection), chronic inflammatory bowel disease, pelvic radiation, active anal abscesses and fistulae, and neurologic diseases such as clinically significant peripheral neuropathy or spinal cord injury. Except for the following conditions (i.e., hypothyroidism with euthyroid status on pharmacological supplementation, degenerative joint disease, urinary incontinence, clinically stable bronchial asthma, hypertension, hyperlipidemia, or anxiety/ depression), patients with chronic medical conditions were also excluded from the study. One control and eight patients were taking oral tricyclic antidepressants or selective serotonin reuptake inhibitors (SSRIs), i.e., citalopram (40 mg daily, 3 patients), fluoxetine (20 mg daily, 2 patients), amitriptyline (25 mg daily or less, 2 patients), escitalopram (10 mg daily, 1 patient), or sertraline (20 mg daily, 1 control).
Medication. Subjects randomized to nifedipine received an initial oral dose of 30 mg since this dose is safe and inhibited esophageal, antral, and colonic contractility in healthy subjects (2, (23) (24) (25) . The bioavailability of oral nifedipine is between 45 and 75% (18, 31) . Because plasma concentrations decline rapidly between 60 and 120 min after a dose, a second dose of oral nifedipine (10 mg) was administered at 60 min after the first dose (30 mg) (Fig. 1) . To avoid carryover effects, nifedipine (or placebo) was administered after baseline anorectal assessments were performed. Nifedipine capsules (Purepac Pharmaceutical, Totowa, NJ) were overencapsulated by size "00" capsules to match placebo capsules. The placebo capsules contained lactose monohydrate while nifedipine capsules contained other inactive ingredients (e.g., glycerin, peppermint oil, and polyethylene glycol). Because plasma concentrations of nifedipine peak at 30 min after a dose, postnifedipine anorectal assessments commenced at 20 min after the first dose. Plasma nifedipine concentrations were measured by high-performance liquid chromatography (National Medical Services, Willow Grave, PA), at 40 min after the first and 25 min after the second dose.
Symptom assessments. At baseline, all patients completed a validated questionnaire pertaining to bowel symptoms, abdominal discomfort, as well as severity and circumstances surrounding FI (5, 8) . These responses were used to grade the severity of FI by a validated scoring system [i.e., Fecal Incontinence and Continence Assessment (FICA)] incorporating the type, frequency, amount, and characteristics of FI (i.e., urge, passive, or combined) (5) . Those patients who reported they were "often" or "usually" incontinent because they had "great urgency and could not reach the toilet on time" were considered to have urge incontinence. Those patients who reported they were often or usually "unaware when the leakage was actually happening" were considered to have "passive" incontinence.
Assessment of anorectal sensorimotor functions. After two sodium phosphate enemas (Fleets; C.B. Fleet, Lynchburg, VA), anorectal testing (i.e., anal manometry and assessment of rectal compliance and sensation by a barostat) was conducted in the left lateral position. Average anal resting and squeeze pressures were measured using the station pull-through technique and summarized as described previously (6) . Rectal compliance and sensation were recorded using previously validated techniques by an "infinitely" compliant 7-cmlong balloon with a maximum volume of 500 ml (Hefty Baggies; Mobil Chemical, Pittsford, NY) linked to an electronic rigid piston barostat (Mayo Clinic, Rochester, MN) (4, 20) . An initial or conditioning distention followed by a rectal staircase distention (from 0 to 44 mmHg or to maximum tolerated pressure, whichever came first, in 4-mmHg steps at 1-min intervals) was performed. Rectal pressurevolume relationships were analyzed by a power exponential function and summarized by the pressure corresponding to half-maximum volume (Pr half) and rectal capacity (i.e., maximum volume). Rectal compliance and sensory thresholds for first sensation, desire to defecate, and urgency were recorded during the staircase distention; the threshold was the first sensation of each symptom.
Rectal elasticity was also assessed using validated techniques by sinusoidal oscillation (3). After distending the balloon to 125 ml, it was oscillated at 5 counts/min for 20 min. Because the Institutional Review Board required that rectal pressures not exceed 48 mmHg during sinusoidal oscillation, the initial distending volume was reduced to 75 ml before pre-and postdrug sinusoidal oscillations in three patients with FI (3). Although the colonic response to sinusoidal oscillation is frequency-dependent and higher at 10 than at 5 or 20 counts/min (3), unpublished data from our laboratory suggest that the rectal response to sinusoidal oscillation is not frequency dependent. Hence, sinusoidal oscillation was only performed at one frequency (i.e., 5 counts/min) in this study.
Statistical analysis. Anal manometry and rectal barostat data were summarized as anal resting and squeeze pressures, Pr half during rectal compliance, rectal capacity, pressure and volume sensory thresholds for first sensation, desire to defecate, and urgency. During sinusoidal oscillation, average rectal pressures and the variability in pressures over 20 min were summarized. All response variables were analyzed separately before and after nifedipine.
Associations between baseline values of anorectal parameters and disease status (i.e., FI vs. control) were examined by an analysis of covariance incorporating age and BMI as covariates. The analyses of treatment effects were based on analysis of covariance models for the differences (baseline vs. postintervention) for all responses, except sensory thresholds (see below), and included subject status as a covariate. Tests of specific differences (e.g., delta Pr half in those treated with nifedipine) were based on the ANCOVA model pooled residual variation. The interaction term (i.e., status ϫ treatment) was not significant in any of the models for treatment effects. Posttreatment pressure and volume sensory thresholds were analyzed by proportional hazard regression models for each threshold type separately, adjusting for baseline threshold value and subject status. The pressure level values for sensory thresholds that were not perceived by a given subject were considered as "censored" using an approach described previously (1) . Hazard ratios (HRs) for treatment effects were expressed as nifedipine relative to placebo. The association between plasma concentrations of nifedipine and the changes (before vs. after nifedipine) in anorectal functions were assessed using Spearman's correlation coefficient. The association of plasma nifedipine concentrations with subject status (healthy subjects vs. FI) was assessed by the Wilcoxon rank sum test.
RESULTS

Clinical features.
Of 37 subjects who were screened for this study, two were ineligible because of medication or cardiovascular issues while three had personal conflicts and were unable to complete the study. All 32 enrolled subjects completed the study. The 16 FI patients had FI for two or more years with symptoms of urge (1 patient), combined (i.e., passive and urge FI, 14 patients), and/or passive FI (1 patient). The frequency of FI ranged from less than once per month (1 patient), once a week (9 patients), or daily (6 patients). Patients were incontinent for only liquid stools (9 patients), only formed stools (1 patient), or both liquid and formed stools (6 patients). The typical amount of leakage was small (i.e., staining only, n ϭ 7) or moderate (i.e., more than staining but less than a full bowel movement, n ϭ 9). Thus, the FICA incontinence symptom severity score indicated moderate (12 patients) or severe (4 patients) FI.
Among controls, seven had at least one vaginal delivery (range 1-4 deliveries) and two had a hysterectomy. Fourteen of 16 patients had a vaginal delivery (range 1-7 deliveries). No controls but 10 patients had one or more known obstetric risk factors for FI [i.e., more than 4 vaginal deliveries (2 patients), 3rd or 4th degree perineal tear (2 patients), or a forcepsassisted delivery (8 patients)]. Three patients reported anal Fig. 1 . Study design. Anal manometry, rectal pressure-volume relationships with a barostat, and sinusoidal oscillation were assessed before and after nifedipine (2 doses, 30 and 10 mg orally) or placebo. Plasma nifedipine concentrations were assessed two times. sphincteroplasty, and eight had a hysterectomy. Seven patients had anorectal imaging with endoanal ultrasound or magnetic resonance imaging. Imaging revealed normal-appearing internal and external anal sphincters (3 patients), only internal sphincter abnormalities (i.e., atrophy or scar, 2 patients), only external sphincter abnormalities (1 patient), or internal and external anal sphincter abnormalities (1 patient).
Effects of nifedipine on hemodynamic parameters. Blood pressure (BP) declined and heart rate increased after nifedipine but not placebo. For example, at 20 min after the first dose, the mean BP and heart rate after nifedipine were 70 Ϯ 4 vs. 81 Ϯ 5 mmHg at baseline (P Ͻ 0.01 for drug effect vs. placebo) and 71 Ϯ 5 vs. 64 Ϯ 5 beats/min at baseline, respectively (P ϭ 0.02 for drug effect vs. placebo). Thereafter, these effects were sustained throughout the study. The effects of nifedipine on hemodynamic parameters were not significantly influenced by subject status (FI vs. controls).
Because samples were not appropriately processed in 3 subjects, of whom 2 received nifedipine, nifedipine plasma concentrations were measured in 14 of 16 subjects who received nifedipine. Among healthy subjects who received nifedipine, plasma concentrations were 103 Ϯ 21 ng/ml (therapeutic range 25-100 ng/ml) at 40 min and 99 Ϯ 19 ng/ml at 85 min after the first dose. Plasma concentrations at corresponding times in FI were 162 Ϯ 34 and 142 Ϯ 28 ng/ml, respectively. The reduction in mean BP at 40 but not 85 min was correlated (r ϭ Ϫ0.64, P ϭ 0.02) with the plasma concentration of nifedipine. Among subjects randomized to placebo, plasma nifedipine concentrations were undetectable.
Effects on anorectal functions. Baseline anal resting pressure was associated (i.e., lower) with age (P ϭ 0.03) but not with FI (Table 1 ). In contrast, the anal pressure increment during squeeze was lower (P Ͻ 0.01) in FI than controls and not associated with age. Nifedipine reduced (P ϭ 0.0002 vs. placebo) anal resting but not squeeze pressures; the reduction in resting pressure was not significantly influenced by subject status (controls vs. FI). However, drug effects on anal resting pressure and the pressure increment during the squeeze ma- Values are means Ϯ SE. Prhalf, pressure corresponding to half-maximal volume. *P ϭ 0.052 for FI vs. health (pooled baseline). Fig. 2 . Balloon pressure waveform during sinusoidal oscillation (25 ml) at 5 counts/min in a healthy subject (2 panels on top) and a patient with fecal incontinence (FI) (2 panels on bottom). Data were acquired and depicted at 10 Hz. While sinusoidal oscillation was performed for 20 min, data for the first 10 min are shown for clarity. For simplicity, pre-and postdrug volumetric oscillations are superimposed. Rectal pressures during sinusoidal oscillation before drug were substantially higher in the FI patient than the healthy subject. While rectal pressures were comparable before and after placebo in the healthy subject, nifedipine reduced rectal pressure and its variability in the FI patient.
neuver were not correlated with the plasma concentration of nifedipine.
Effect on rectal mechanical properties during barostat and sinusoidal distention. While rectal compliance (Pr half ) was lower in FI than in healthy subjects, associations with subject status were not significant after correcting for age (P Ͻ 0.0003) and BMI (Table 2 ). In contrast, baseline rectal capacity was associated with subject status (P ϭ0.052); values were lower in FI (235 Ϯ 13 ml) than in controls (262 Ϯ 12 ml) even after adjusting for age and BMI. While nifedipine increased (P ϭ 0.02) rectal compliance (i.e., reduced Pr half from 17.8 Ϯ 1.2 to 16 Ϯ 0.6 mmHg) in FI but not controls, overall treatment effects (nifedipine vs. placebo) were not significant (p ϭ 0.09). However, among subjects who received nifedipine, plasma concentrations of nifedipine were inversely correlated (r ϭ 0.6, P ϭ 0.02) with Pr half , indicating that a lower Pr half (i.e., increased compliance) was associated with higher plasma nifedipine concentrations. In contrast, nifedipine did not significantly increase rectal capacity in FI. Moreover, correlations between nifedipine's effects on rectal capacity and plasma nifedipine concentrations were not significant.
During sinusoidal oscillation, the balloon pressure waveform was generally sinusoidal. Balloon pressures were higher for ϳ2-4 min after oscillation commenced and declined thereafter (Fig. 2) , punctuated by intermittent high-pressure peaks. Mean rectal pressures and variability in rectal pressures during sinusoidal oscillations at baseline were associated with subject status (P ϭ 0.024 and P ϭ 0.051, respectively) and higher in FI, indicating increased rectal stiffness and irritability, respectively (Fig. 3) . While nifedipine's effects on mean pressures or the variability in pressures during sinusoidal oscillation were not significant, plasma concentrations of nifedipine were correlated (r ϭ 0.86, P ϭ 0.01) with the difference (after Ϫ before) in mean pressures in healthy subjects but not FI. However, effects on the variability in rectal pressures during sinusoidal oscillation were not correlated with plasma concentrations of nifedipine.
Effects on rectal sensation. At baseline, pressure and volume thresholds for first sensation, desire to defecate, and urgency were not significantly associated with subject status (controls vs. FI) after adjusting for age and BMI (Table 3 ). In the placebo group, all pressure and volume thresholds were higher after than before placebo treatment. Compared with placebo, nifedipine was associated with a lower volume threshold for first sensation (HR, 2.5; 95% confidence interval, 1.001-6.09) and a lower pressure threshold for desire to defecate (HR, 3.0; 95% confidence interval, 1.3-7.1). However, treatment effects on other pressure and volume thresholds were not significant.
DISCUSSION
This study confirms that women with urge-predominant FI have anal weakness and an exaggerated rectal contractile response to distention. Extending previous studies, nifedipine reduced anal resting pressure in health (10) and FI. In comparison, the effects of nifedipine on rectal mechanical properties were relatively modest. Within the constraints of administering a higher dose of nifedipine to humans, these data suggest it is unlikely that L-type calcium channels substantially contribute to increased rectal stiffness in women with urgepredominant FI.
Rectal mechanosensitivity was evaluated by barostat-driven staircase distentions and by sinusoidal oscillation, which has been extensively used to understand normal airway function and mechanisms of bronchoconstriction in asthma, and in the human colon but not in the rectum (3, 15, 27, 28) . Rectal distention can be performed for longer durations during sinusoidal oscillation than with a barostat, providing a more robust estimate of rectal mechanical properties and the response to rectal distention. Within 5 min after the onset of sinusoidal oscillation, rectal pressures decline and stabilize thereafter, punctuated by pressure peaks, which probably reflect the contractile response to oscillation. Compared with health, patients with FI had higher average rectal pressures, which reflects increased rectal stiffness, and more variability during sinusoidal oscillation, which reflects increased "irritability." While rectal capacity and compliance (Pr half ) were also lower in FI than in healthy subjects, differences between health and FI were either not (Pr half ) or of only borderline statistical significance (rectal capacity) after correcting for age. These observations are consistent with our previous observations that rectal compliance but not rectal capacity declines with age (14) . After correcting for age and BMI, nifedipine did not significantly affect any parameter of rectal distensibility. However, higher plasma concentrations of nifedipine were associated with lower pressures (i.e., increased compliance) during barostat distention in all subjects and during sinusoidal oscillation in healthy subjects only. Together, these data suggest that L-type calcium channels contribute to distention-induced rectal contractility and perhaps to a greater extent in health than in FI. Plasma nifedipine concentrations in this study were comparable to those that inhibited the lower esophageal sphincter and the amplitude of esophageal peristalsis (17) . Analogous to that study, where a larger dose was necessary to inhibit the esophageal body than the lower esophageal sphincter, we observed that nifedipine had more pronounced effects on anal resting pressure than rectal mechanical properties. However, drug effects on anal pressures were not correlated with plasma concentrations of nifedipine. Conceivably, a higher dose or local delivery (e.g., suppositories) of nifedipine may significantly increase rectal distensibility. However, safety considerations limit the use of higher doses, particularly since there are interindividual pharmacokinetic variations with plasma nifedipine (33) .
Nifedipine had modest and inconsistent effects on rectal pressure and volume sensory thresholds. The raw values suggest that, among healthy subjects and FI patients randomized to placebo, pressure and volume sensory thresholds were higher after than before drug administration, perhaps reflecting habituation of visceral perception to repeated distention (22) . We cannot explain why the volume threshold for first sensation and pressure threshold for desire to defecate were lower after nifedipine. However, nifedipine did not affect other sensory thresholds, which is similar to the lack of effects on perception of esophageal distention (30) . Eight patients and one control subject were taking a low-dose tricyclic agent (i.e., amitriptyline) or a SSRI. It is conceivable but unlikely that reduced rectal distensibility in FI is explained by these medications, since amitriptyline reduced the frequency of rectal motor complexes and urgency in FI while citalopram increased colonic compliance in healthy subjects (26, 32) .
Given these findings, further studies to ascertain active and/or passive mechanisms contributing to increased rectal stiffness in patients with urge-predominant FI are necessary. It is conceivable that passive rather than active mechanisms contribute to increased rectal stiffness in women with FI. Indeed, in an uncontrolled study, the ␣ 2 -adrenergic receptor agonist clonidine had less prominent effects on rectal sensorimotor functions in FI than in health, suggesting perhaps that rectal sensorimotor functions may be less amenable to pharmacological modulation in FI than in healthy people (7, 34) .
In summary, this controlled study confirms that nifedipine reduces anal resting pressure in health and FI. Also, women with FI had reduced rectal capacity and exaggerated responses to rectal sinusoidal oscillation. While plasma concentrations of nifedipine were correlated with increased rectal compliance during barostat and sinusoidal distention, nifedipine did not restore rectal compliance, capacity, or responses to sinusoidal oscillation in FI, arguing against a predominant contribution of myogenic L-type calcium channels to reduced rectal distensibility in FI.
